Visual kinetic analyses extract meaningful mechanistic information from experimental data using the nakedeye comparison of appropriately modified progress reaction profiles. Basic kinetic information is obtained easily and quickly from just a few experiments. Therefore, these methods are valuable tools for all chemists working in process chemistry, synthesis or catalysis with an interest in mechanistic studies. This minireview describes the visual kinetic analyses developed in the last fifteen years and provides answers to the most common queries of new users. Furthermore, a video tutorial is attached detailing the implementation of both VTNA and RPKA.
Visual kinetic analyses extract kinetic information from the naked-eye comparison of original or modied progress reaction proles. These analyses are becoming a popular tool in chemistry and related disciplines, even replacing traditional kinetic analyses focused on the measurement of initial rates. This increasing popularity is due to the combination of recent advances in both reaction monitoring technology and the development of new kinetic analyses. This minireview is focused on the most recent analyses developed in the last een years. Also, it highlights the main differences between the most traditional kinetic analyses and answers the most frequently asked questions by new users of visual kinetic analyses.
In the past, visual analyses of the slope and interception of linearized plots (Lineweaver-Burk, 1 
Eadie-Hofstee

2,3
and Hanes-Woolf 4 plots) have been used to quickly identify different types of inhibition and concentration dependences of substrates. However, the simplest comparison of two reaction curves is to visually discern whether they are identical, that is if they overlay. These visual analyses transform the axes to achieve the overlay of the progress reaction proles. The transformations required to achieve this overlay provide information about the relationship between the different progress reaction proles.
The strategy of overlaying reaction proles was rst used by Michaelis and Cite this: Chem. Sci., 2019, 10, 348
All publication charges for this article have been paid for by the Royal Society of Chemistry all the points fall on one curve, it is deduced that there is no enzyme denaturalisation during the reaction. In fact, as it will be shown in this minireview, this is a specic case of the Variable Time Normalisation Analysis (VTNA).
Plots using rate profiles -RPKA Blackmond exploited the overlay of progress reaction proles in the Reaction Progress Kinetic Analysis (RPKA). 7, 8 This analysis uses entire reaction proles of rate against concentration to visually interrogate the kinetic data. It comprises three kinds of analyses for three sets of experiments in order to identify: product inhibition or catalyst deactivation (Fig. 1a) , the order in catalyst (Fig. 1b) and the order in any other component of the reaction (Fig. 1c) .
The analysis to check for product inhibition or catalyst deactivation compares curves of rate against [substrate] for reactions started at different points (Fig. 1a) . This means that the initial concentration of starting materials are different, but they are such that the reaction started at higher concentrations will, at some point, have the same concentration of all the starting materials as the reaction started at lower concentrations (Fig. 2) . As both experiments have the same difference between the concentration of reactants, they are called "same excess" ‡ experiments. As a consequence, for any given concentration of substrate, both reactions will have the same concentration of starting materials, but different concentration of product and different number of turnovers completed by the catalyst. Therefore, overlay of the reaction proles indicates the lack of product inhibition and, in the case of catalytic reactions, the absence of signicant catalyst deactivation. If the curves don't overlay, product inhibition or catalyst deactivation can be inferred. To discern between these two options, a third experiment with product added is required. This experiment should have the same initial concentrations of starting materials as the experiment started at lower concentrations (i.e. the green experiment in Fig. 2 ) plus the amount of product generated by the other reaction until this reaction point ([P] t in Fig. 2 ). These two reactions are identical by composition but vary in the number of turnovers that the catalyst has completed. As such, overlay of these two reactions progress curves indicates product inhibition while no overlay is indicative of catalyst deactivation.
To elucidate the order in catalyst utilising RPKA (Fig. 1b) 
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Plots using concentration profiles
The Variable Time Normalisation Analysis (VTNA) uses ubiquitously accessible concentration-against-time reaction proles. These proles are directly obtained by almost any reaction monitoring technique currently available, such as NMR, FTIR, UV, Raman, GC and HPLC. The comparison of concentration against time proles can identify: product inhibition or catalyst deactivation (Fig. 1d) , the order in catalyst (Fig. 1e) and the order in any other component of the reaction (Fig. 1f) .
To identify product inhibition or catalyst deactivation (Fig. 1d) , the proles of two (or more) reactions started at different points are examined. 21, 22 In order to facilitate the visual comparison of both proles, the prole of the reaction started at lower concentration of starting materials must be shied to the right on the time scale until the rst point of the prole overlays with the second reaction prole (Fig. 4) . The overlay of the progress concentration proles evidences the absence of catalyst deactivation and product inhibition. Conversely, lack of overlay indicates catalyst deactivation or product inhibition and a third experiment with product added is necessary to discern between these two possibilities. Again, the overlay of the original curve and a curve with product added indicates the presence of product inhibition, while the absence of overlay proves catalyst deactivation.
To elucidate the order in catalyst (Fig. 1e) , the time scale of two (or more) reactions run with different catalyst loadings is substituted by S[cat] g Dt (eqn (1)). When the concentration of active catalyst is constant during the entire reaction, the equation is simplied to t[cat] o g . 23 If the order in catalyst is assumed to be 1, this plot can instead be used to assess the stability of the catalyst, which is known as the Selwyn method. On the other hand, when the concentration of active catalyst changes during the reaction, for example due to catalyst deactivation, it is necessary to know the amount of remaining active catalyst and apply the variable time normalisation analysis (eqn (1)). In both cases, the value of "g" that produces the overlay of the curves is the order in catalyst.
To elucidate the order in a component of the reaction, such as B, whose concentration changes during the progress of reaction (Fig. 1f) , the time scale must be substituted by S [B] b Dt (eqn (2)). The value of "b" that produces the overlay of the reaction proles is the order in component B.
VTNA has already been used successfully by academic and industrial research groups in metal-catalysed [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and organocatalytic reactions.
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Pros and cons of visual kinetic analysis
While the root of these analyses is still highly mathematical, visual kinetic analyses depend on the subjective analysis of the user. This unusual characteristic for scientic analyses causes some advantages and disadvantages with respect to other classic kinetic analyses.
+ Simple analysis
The main advantage of visual kinetic analyses is their simplicity. Minimal mathematical treatment and visual comparison make it quick to perform. Also, by avoiding counter-intuitive mathematical transformations, such as log-log plots, the results are easy to interpret.
+ Information about the entire reaction
Visual kinetic analyses use the comparison of entire reaction proles and therefore provide information on the entire course of the reactions. The analysis of the full proles enables the detection of catalyst activation and deactivation, product inhibition and changes of order throughout the reaction. Initial rate measurements are totally blind to all these effects.
+ Fewer experiments required
The comparison of entire reaction proles involves all the experimental points of each trace and the effect of measurement errors at single points is minimised. Therefore, fewer experiments are necessary compared to the analysis using initial rates.
+ Better way to report data
Plots using visual kinetic analyses include all the experimental data collected and facilitate their direct reinterpretation by other researchers. On the contrary, initial rates are the result of the analysis of experimental data usually not provided or only partially shown in the ESI.
À Low precision
Although visual kinetic analyses are accurate, they lack high precision. Therefore, visual kinetic analyses are inadequate to obtain the precise values of kinetic constants. However, this is not a problem to elucidate kinetic parameters that usually don't require high precision, such as the orders of reaction in the reaction components.
FAQs about RPKA and VTNA
How similar must the progress reaction curves be in order to be considered as overlaid?
The denition of what overlaid curves are can be, up to some extent, subjective. Experience has proven that, in some cases, slightly different solutions can lead to reasonable overlay, but generally it is easy to dene a small range of valid values. Visual kinetic analyses provide accurate, although not always precise, solutions. Usually, less noisy and smoother traces lead to a smaller range of solutions. Since overlay is a qualitative property, no traditional error analysis such as standard deviation may be applied.
Can VTNA be performed by monitoring any reactant of the reaction?
Yes, any parameter that correlates to the progress of the reaction can be used. If the initial concentration of the monitored substrate is the same for all reactions, the comparison is direct because the starting point will be the same. If the initial concentration of the monitored substrate is different for the reactions being compared (Fig. 5a) , the curves have to be shied vertically until the starting points of the proles meet (Fig. 5b ) before applying the VTNA (Fig. 5c ).
How to design "same" and "different excess" experiments in reactions with more than two reactants?
The objective of "same excess" experiments is to compare the kinetic prole of two identical reactions starting at different initial concentrations to nd out if there is catalyst deactivation or product inhibition. Therefore, in the "same excess" experiments, the concentrations of all the reactants must be modied to match the concentrations of the original reaction at a given conversion. Additional experiments also adjusting the concentration of product (and byproducts) can be performed to discern between catalyst activation/deactivation and product or byproduct acceleration/inhibition.
The "different excess" experiments aim to elucidate the effect of one of the reactants by comparing reaction proles with identical reaction conditions except for the concentration of the analysed reactant. If the reactant to be investigated is in fact the product of an initial reaction (i.e. it is formed in situ), then the concentration of preceding starting components must be modied simultaneously.
How separate must the initial concentrations in "same excess" experiments be? And how different the excess, in "different excess" experiments?
Larger differences in initial concentrations for "same excess" experiments and in excess for "different excess" experiments increase the sensitivity of the analyses. However, larger differences also reduce the range of reaction prole to be compared. Therefore, it is necessary to nd an adequate balance for each case. Ultimately, the sensitivity of the parameter analysed and the range of reaction prole available for comparison will dictate the appropriate initial concentrations and excess.
What does it mean when the reaction proles become straight lines?
When reaction proles are not straight lines it is because some driving forces -the concentration of reactants or productschange during the progress of the reaction. In the case of RPKA Fig. 5 (a) The VTNA cannot be applied on reaction profiles starting at different coordinates; (b) One of the two profiles has to be shifted vertically until the starting points match; (c) the VTNA analysis can be now performed over the vertically shifted reaction profiles.
plots, the reaction proles will become straight lines when all the changing kinetic driving forces are raised to the correct power and either dividing the rate in the ordinate axis or multiplying in the abscises axis (Fig. 6a) . In VTNA plots, the reaction proles will become straight when the time scale is normalised by all the driving forces changing during the reaction raised to the correct order (Fig. 6b) .
Interestingly, if the kinetic effect of all the reaction components that affect the rate of the reaction is removed, the slope of the straight line is the k obs of the reaction. It is advisable to perform this analysis aer all the orders have been independently elucidated, instead of attempting to directly nd the combination of orders for each substance that leads to the straightest line.
Conclusions
Visual kinetic analyses are very powerful tools to qualitatively assess the presence of product inhibition and catalyst deactivation, as well as to elucidate the order of reaction in any component. Currently, analyses for rate data proles (RPKA) as well as for concentration temporal proles (e.g. VTNA) are available. These analyses should be the rst choice of nonkinetic experts wanting to obtain basic kinetic data to rene their mechanistic proposals. These analyses could also inspire the development of new methods to visually extract additional kinetic information from reaction proles.
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